We present the high resolution spectra of the symbiotic star V1016 Cygni obtained with the Bohyunsan Optical Echelle Spectrograph in 2003 and 2005, from which we find a broad emission feature at 4881Å. We propose that this broad feature is formed from Raman scattering of Ne VIIλ973 by atomic hydrogen. Thus far, the detection of Raman scattered lines by atomic hydrogen is limited to O VIλλ1032, 1038 and He IIλλ940, 972 and 1025. With the adoption of the center wavelength 973.302Å of Ne VIIλ973 and consideration of the air refractive index of n air = 1.000279348, the atomic line center of the Raman scattered Ne VII feature is determined to be 4880.53Å. The total cross section at the line center of Ne VIIλ973 is computed to be 2.62×10
INTRODUCTION
Symbiotic stars are believed to be wide binary systems consisting of a hot component, usually a white dwarf, and a mass losing giant (e.g. Kenyon 1986 , Belczynski et al. 2004 . Because of the size of the giant component, their orbital periods range from a few hundred days to several decades (e.g. Mikolajewska 2012 ). Symbiotic stars exhibit prominent emission lines indicative of a wide range of ionization including [SII] and O VI. Some fraction of the slow stellar wind from the giant component is accreted to the hot component, which leads to various activities including occasional eruptions and strong emission lines (e.g. Iben & Tutukov 2004 , Lee & Park 1999 . Mastrodemos & Morris (1998) performed Smoothed Particle Hydrodynamical computations for binary systems of a mass losing giant and a white dwarf to show that an accretion disk may be formed through accretion of the stellar wind. However, it is still an unresolved ⋆ E-mail: hwlee@sejong.ac.kr (HWL) † E-mail: jeung6145@gmail.com ‡ E-mail: bclee@kasi.re.kr issue whether an accretion disk is formed in general in symbiotic stars (e.g. Sokoloski et al. 2001 , Nussbaumer 2003 .
Symbiotic stars are classified into 'S' type and 'D' type, where the latter exhibit an IR excess indicating the existence of a warm dust component surrounding the binary system. It appears that D-type symbiotic stars possess multiple dust shells with temperatures of ≃ 1000 K and ≃ 400 K (Angeloni et al. 2010) . Many symbiotic stars are also X-ray emitters exhibiting a large range of hardness. Luna et al. (2013) classified X-ray emitting symbiotic stars into types α, β, γ and δ depending on the hardness with the α type being supersoft X-ray sources and the δ type being highly absorbed hard X-ray emitters. They discussed many astrophysical processes including thermonuclear shell burning, wind collision and boundary layer in the accretion disk.
In symbiotic stars unique and useful spectroscopic diagnostics are provided from Raman scattering by atomic hydrogen. In this scattering process, a far UV photon blueward of Lyα is incident upon a hydrogen atom in the ground state. Subsequently the hydrogen atom de-excites into 2s state re-emitting an optical Raman-scattered photon. The first identification of Raman scattering in symbiotic stars was made by Schmid (1989) , who proposed that the broad emission features at 6825Å and 7088Å usually observed in many symbiotic stars are Raman scattered O VIλ 1032 and O VIλ 1038. The operation of Raman scattering requires the coexistence of a highly thick H I region and a strong far UV emission region, which is ideally met in symbiotic stars. Recently Raman scattered O VI 1032 and 1038 features were found in the B[e] star LHA 115-S 18 (Torres et al. 2012) .
Raman spectroscopy is very important in probing the mass loss and mass transfer processes in symbiotic stars (e.g. Schmid 1989 , Lee & Park 1999 . Adopting an emission region that is in a Keplerian motion around the hot component, Lee & Kang (2007) successfully fitted the double peaked profiles of the Raman scattered O VIλ1032 of the symbiotic stars HM Sge and V1016 Cygni. The representative Keplerian velocity scale ∼ 30 km s −1 of the emission regions in these two symbiotic stars implies that the major O VI emission region is located roughly within one astronomical unit from the hot component. It should be also noted that a double peak profile in Raman scattered O VI can be produced from purely geometric effects, where the scattering region coincides with the slowly expanding stellar wind around the giant (e.g. Harries & Howarth 1997 , Schmid 1992 . The mass loss rate of the cool component of V1016 Cyg has been deduced from a photoionization model calculation combined with the measurement of the center shift of Raman scattered He II by Jung & Lee (2004) .
Additional Raman scattered features were found and proposed by van Groningen (1993) , who discussed the plausibility of Raman scattering for various far UV emission lines including He II and C III. In particular, he reported the detection of the Raman scattered He II features blueward of Hβ and Hγ in the symbiotic star RR Telescopii. These features are also found in the symbiotic stars HM Sge and V1016 Cyg (e.g. Birriel 2004 , Jung & Lee 2004 , Lee 2012 .
In a Be-like isoelectronic sequence, Ne VII is a very highly ionized species with the ionization potential of 207.271 eV (e.g. Kramida et al. 2013) . Because of this high ionization potential, Ne VII lines are reported only in extremely hot stellar objects and active galactic nuclei. Werner et al. (2004) found Ne VIIλ973 absorption lines in the spectra of PG 1159 stars obtained with the Far Ultraviolet Spectroscopic Explorer (FUSE). Young et al. (2005) proposed the existence of Ne VIIλ973 in the FUSE spectrum of the symbiotic star AG Draconis. In the Seyfert 1 galaxy NGC 5548 Kaastra et al. (1995) identified Ne VII/Ne VIII blend at 88Å in the extreme UV spectrum.
V1016 Cyg is a 'D' type symbiotic star with the cool component being a Mira type variable. It is also a symbiotic nova that underwent a nova-like outburst in 1964 (McCusky 1965) . According to the investigation of Mürset et al. (1991) , 'D' type symbiotic novae including HM Sge, RR Tel and V1016 Cyg form the subgroup of symbiotic stars with the hot components characterized by the highest temperature and luminosity. V1016 Cyg being of higher temperature than AG Dra, this leads to an interesting possibility that V1016 Cyg may show the emission line Ne VIIλ973.
In this paper, we present the high resolution spectra of V1016 Cyg, in which a broad emission feature at 4881Å is found redward of Hβ. We propose this broad feature is formed through Raman scattering of the far UV emission line Ne VIIλ973 in the thick H I region. 
OBSERVATION
2.1 High resolution spectroscopy of V1016 Cyg In the 2005 spectrum, the emission line Hβ is saturated in order to allow a close investigation of the weak features around Hβ. We also obtained another spectrum with a short exposure time of 300 seconds, which is shown in Fig. 3 . As in the analysis of Jung & Lee (2004) we find Raman scattered He IIλ972 at 4850Å in the two long exposure spectra obtained in 2003 and 2005, which is very broad and formed in the blue wing part of Hβ.
Because of energy conservation, the wavelength λRV of the Raman scattered radiation in vacuum is related to that of the far UV incident radiation λi by the equation
where λLyα = 1215.67Å is the line center wavelength of hydrogen Lyα. With the refractive index of air nair = 1.000279348, the observed wavelength will be reduced to
In particular, the incident wavelength λi = 972.112Å for He IIλ972 gives rise to the Raman scattered He II at λRV,HeII = 4852.098Å (Jung & Lee 2004) , which yields the observed wavelength of λR,HeII = 4850.743Å.
In Fig 1 , the broad Raman scattered He II feature has the observed line center at λ obs R,HeII = 4850.63Å, which is blueshifted from λR,HeII by ∆λ = 0.11Å from the expected center wavelength. On the other hand, in Fig. 2 , we find that λ obs R,HeII = 4852.95Å. This deviation can be explained that the He II emission region is receding from the neutral H I region. More detailed investigation on the kinematics of the emission region is described in the subsequent section. However, line center shift can also occur due to the varying Raman conversion rate dependent on the wavelength (Jung & Lee 2004) , which necessitates Monte Carlo simulations for more accurate determination of the kinematics of the He II emission region relative to the H I region.
Eq. (1) also leads to the following relation
which results in Raman scattered features with a significantly broadened profile. In particular, the Raman scattered features around Hβ are broadened by a factor λR/λi ≃ 5, because λi ≃ 972Å and λR ≃ 4861Å. Using a Gaussian function given by
we perform a line profile fitting analysis to determine the observed centers of the emission lines He IIλ4859 and Hβ in the 2005 spectrum of V1016 Cyg. Because of the saturation of Hβ, we use another spectrum obtained on the same night with an exposure time of 300 seconds. In Fig. 3 , we show the result, which is also summarized in Table 1 . In a similar way, the Raman scattered He IIλ972 and the broad feature at 4883Å are fitted for the spectrum with exposure time of 7200 seconds, of which the result is shown in Fig. 4 . For this, the broad Hβ wings are fitted using a profile (λ − λ β ) −2 , where λ β is the wavelength of Hβ. In the case of the 2003 spectrum, the profile fitting was done by Jung & Lee (2004) except the broad feature at 4881Å. In this work, the observed line center of this feature in the 2003 spectrum is determined to be 4880.80Å. The result of our single Gaussian fit to the 2003 spectrum is also summarized in Table 1 .
Raman scattered Ne VIIλ973
Both in Figs. 1 and 2, the broad emission feature marked by a solid vertical arrow is noticeable. This feature in the 2003 spectrum is very weak with the observed center at 4880.80 A but it is significantly clear at 4882.82Å in the spectrum of 2005 with much longer exposure time. We propose that this broad feature is formed through Raman scattering of Ne VIIλ973 by atomic hydrogen.
Ne VIIλ973 is formed through recombination of Ne VIII accompanied by a radiative transition from 2p 2 1 D2 to 2s2p 1 P1 (e.g. Young et al. 2005) . This line was also found in the high resolution coronal spectrum of the sun obtained with the Solar Ultraviolet Measurement of Emitted Radiation (SUMER) on board the Solar and Heliospheric Observatory, SOHO (Feldman et al. 1997) . Herald et al. (2005) proposed that Ne VIIλ973 is responsible for the strong P Cygni features observed at around 975Å for a number of hot evolved stars including A78, NGC 2371 and K1-16.
The atomic data for Be-isoelectronic atoms can be found in the work of Edlén (1983) , who compared the theoretical values with the experimental data. He recommended the values of 214954 cm −1 and 317954 cm −1 for the lower and the higher energy levels respectively, from which the center wavelength of Ne VIIλ973 is obtained to be 973.350 A. However, according to Kramida et al. (2013) , the en- ergy values of the lower and the higher levels are 214951.6 cm −1 and 317694.6 cm −1 respectively, resulting in the central wavelength of 973.302Å. This result is based on the previous work of Kramida et al. (2006) . In this work we adopt this value as the line center wavelength λ0 = 973.302Å of Ne VIIλ973.
A direct substitution of the Ne VII line center wavelength into Eq. (1) yields the vacuum line center wavelength of the Raman scattered Ne VII feature, which is given by λ RV Ne = 4881.89Å. Considering the refractive index of air, this vacuum wavelength is reduced to
from which we propose to call this broad feature 'Raman scattered Ne VIIλ973'. In Section 3, we perform Monte Carlo simulations to fit the profile, from which we may deduce useful constraints on the strength and profile of the unobserved Ne VIIλ973. This line center value λ = 4882.82Å, and ∆λ = 2.29Å. This feature is quite broad, which is consistent with the primary characteristic of a Raman scattered feature. A similar spectroscopic behavior is seen in the case of Raman scattered He IIλ972. In the 2003 data, the observed line center of Raman scattered He IIλ972 is almost coincident with that expected from the atomic line center. However, in the 2005 spectrum it is redshifted by an amount exceeding 2Å. Because both He II and Ne VII are highly ionized species, it is quite plausible that their emission regions almost coincide sharing a similar kinematics with respect to the neutral region. Because the profiles of Raman scattered features are dominantly affected by a relative motion between the far UV emission source and the H I region and little influenced by the observer's sightline, the difference in the spectra of 2003 and 2005 implies that there was a significant change in the far UV emission region and/or in the H I region of V1016 Cyg.
Temporal Variation of the Kinematics of the Far UV Emission Regions
We investigate the temporal change in relative velocities of the He II emission region and Ne VII emission region with respect to the neutral H I region, which may have happened during the two year period. In this work, the atomic line center of Hβ is set to be λ β = 4861.28Å in air and we assume that the Balmer emission region suffered no significant changes in kinematics. In Table 2 , we provide the observed wavelengths corrected for the rest frame of Hβ emission region. It is unclear whether the Balmer emission region may represent the systemic velocity of V1016 Cyg due to some variability in this wide binary system. However, a reference system is useful in discussion of the relative motion of the He II and Ne VII emission regions and we take the Balmer emission region as a kinematic reference.
In Table 2 , we also show the line center wavelengths of Raman scattered He IIλ972, He IIλ4859 and Raman scattered Ne VIIλ973 corrected for the rest frame of Hβ. In the year 2003, the corrected line center of He IIλ4859 almost coincides with that of the atomic line center, implying that at that time the He II emission region is almost stationary with respect to the Balmer emission region. Despite this, Raman scattered He IIλ972 is redshifted by an amount 0.63 A. This redward shift is attributed to the atomic physical effect, which was pointed out by Jung & Lee (2004) . According to them, the scattering cross section and branching ratio are increasing functions of wavelength locally around the line center of He IIλ972. This enhances Raman scattered radiation redward of He IIλ972, resulting in an overall redward shift of the Raman scattered feature. The exact amount of wavelength shift depends on the H I column density NHI . Their Monte Carlo simulations yielded the value of NHI = 1.2 × 10 21 cm −2 for V1016 Cyg. However, the wavelength shift of 3.38Å of Raman scattered He IIλ972 shown in the 2005 spectrum is too large to be accounted for by the effect of atomic physics. This implies that the He II emission region was receding from the H I region at the time of the observation in 2005. Both the Doppler shift and the atomic physics affect the wavelength shift in a complicated way so that one requires Monte Carlo simulations in order to determine the kinematics of the He II and Ne VII emission regions. Exactly the same argument applies to the Raman scattered Ne VIIλ973, which constitutes the content of the following section.
MONTE CARLO SIMULATIONS

Cross sections and branching ratios
The scattering cross section is computed from the second order time-dependent perturbation theory described in many textbooks on quantum mechanics including Bethe & Salpeter (1957) . The cross section is given by the Kramers-Heisenberg formula, where the matrix elements are provided in a straightforward way in the case of a single electron atom such as hydrogen. Blueward of Lyγ, there are 4 scattering channels depending on the principal quantum number of the final state of the hydrogen atom, where the final state can be the s states of n = 1 and n = 2, and the s and d states of n = 3 and 4. Redward of Lyγ, states with n = 4 are excluded from the final state, leaving only 3 scattering channels. When the final state is 2s, then we have optical scattered radiation near Hβ. Final states with n = 3 and n = 4 lead to Raman scattered radiation in the IR region. The total scattering cross section σtot and the branching ratios around Lyγ were computed and presented by Lee et al. (2006) in their analysis of the Raman scattered He IIλ972 in the young planetary nebula IC 5117.
In Fig. 5 we show the scattering cross section and branching ratios near Lyγ computed by Jung & Lee (2004) . The upper panel shows the total scattering cross section in units of the Thomson scattering cross section σ T h = 0.665 × 10 −24 cm 2 . For λ = 973.302Å the total scattering cross section σtot = 394σ T h = 2.62 × 10 −22 cm 2 , which is marked by a cross in the figure. In the lower panel, the dotted line shows the branching ratio σ2s/σtot for Raman scattering into the optical channel, where σ2s is the cross section for the final state of 2s. Another branching ratio into n = 3 levels is shown by a dot-dashed line, which shows the ratio of σ 3s,3d /σtot with σ 3s,3d being the cross section for final states of 3s and 3d. We find the branching ratio of 0.168 for the scattering channel into the level 2s leading to formation of Raman scattered Ne VIIλ973.
For comparison, we note that the total scattering cross section for He IIλ972 is 9.1×10 −22 cm 2 , which is larger than that of Ne VIIλ973 by a factor of 3.5. This is due to the fact that He IIλ972 is closer to resonant Lyγ than Ne VIIλ973 is. It is interesting to note that the total scattering cross section is decreasing but the branching ratio is slowly increasing as a function of wavelength locally around Ne VIIλ973. Figure 5 . Atomic data for Rayleigh and Raman scattering around Lyγ. In the upper panel, the total cross section σtot of Rayleigh and Raman scattering near Lyγ is shown by a solid line. The cross section for Ne VIIλ973.3 is marked with a cross symbol. In the lower panel, the branching ratio of Raman scattering into the 2s state is shown by a dotted line and the branching ratio into levels with n = 3 is shown by a dot-dashed line.
Monte Carlo Simulations
Broad Balmer wings are fairly common in symbiotic stars and V1016 Cyg is no exception. Lee (2000) proposed that these wings are formed through Raman scattering of far UV continuum around Lyman series emission lines. It has been also proposed that the hot tenuous fast stellar wind from the hot component is responsible for the Balmer wings in these objects (e.g. Skopal 2006) . It is a difficult task to determine unequivocally the origin of the Balmer wings for an individual source. However, in the case of V1016 Cyg, Lee (2012) proposed that the Raman scattering origin of the Balmer wings is quite plausible in his analysis of Raman scattered He IIλ4332. In this work we assume that the broad Hβ wings are also formed through Raman scattering of far UV continuum around Lyγ. To the far UV continuum we add the two emission components of He II and Ne VII so that the input spectrum consists of the following three components, i.e., a locally flat continuum, and the two emission components of He IIλ972 and Ne VIIλ973. Both the emission components are prepared to exhibit a Gaussian profile given by Eq. (4). For the 2003 spectrum, both the He II emission region and the Ne VIIλ973 region are assumed to be at rest with respect to the H I region.
As is shown in the works of Lee (2000) and Jung & Lee (2004) , the Raman scattered radiation of far UV continuum around Lyβ is characterized by a plateau near the Balmer core and an extended wing approximately proportional to ∆λ −2 . The extent of the plateau is determined by the scattering optical depth of a few, because the Raman conversion efficiency becomes saturated above this scattering optical depth. Therefore the width of the plateau increases as NHI increases, which may be used to put a constraint on the value of NHI . Jung & Lee (2004) proposed the neutral hydrogen column density NHI = 1.21 × 10 21 cm −2 in their analysis of Raman scattered He IIλ972 in V1016 Cyg. With a column density exceeding NHI = 5 × 10 21 cm −2 , Raman scattered He IIλ972 is formed in the plateau part of the Hβ wing, which is inconsistent with our BOES data. On the other hand, if NHI is much lower than 10 21 cm −2 , then the scattering optical depths for both He IIλ972 and Ne VIIλ973 become so small, which would reduce Raman conversion efficiency significantly.
The same Monte Carlo code introduced by Lee (2012) is used in the current work, where the scattering region is assumed to be a uniform sphere with the point-like far UV emission source located at the center. The neutral hydrogen column density NHI is measured radially from the center to the edge of the sphere. The code is designed to take full considerations of Rayleigh and Raman scattering channels faithful to the atomic physics. A given far UV photon generated in the emission region is treated to escape from the region immediately after its first Raman scattering or reaching the spherical edge after a series of multiple Rayleigh scatterings. Fig. 6 shows our Monte Carlo simulated profiles superposed to the 2005 BOES data for two values of NHI . In the case of NHI = 3.0 × 10 21 cm −2 , the Raman scattered He II feature sits near the edge of the plateau region, yielding a poor fit to the observed data. In view of this result and for want of a better constraint, we adopt NHI = 1.21 × 10 21 cm −2 , as was proposed by Jung & Lee (2004) , in order to investigate the basic properties of Raman scattering of Ne VIIλ973.
In Fig. 7 we show our Monte Carlo result that appears to give the best fit to the 2003 BOES data. In the lower panel, only the Monte Carlo simulated profile is shown by a dotted line. In the upper panel, the simulated profile is superposed on the 2003 spectrum. We find the overall agreement of the Monte Carlo profile and the BOES spectrum, although the observed Raman scattered Ne VIIλ973 is of poor quality. The best fitting Gaussian width for the inci- dent He IIλ972 is ∆λ = 0.10Å. Defining the random velocity scale for He II by
we find v HeII ran = 31 km s −1 . Correspondingly for Ne VIIλ973 we have ∆λ = 0.046Å, which yields v NeV II ran = 14 km s −1 , smaller by a factor of ∼ 2 than the He II counterpart. The equivalent widths of He IIλ972 and Ne VIIλ973 are EWHe = 0.80Å and EWNe = 2.6Å, respectively. However, the equivalent widths are uncertain by a factor of 2, considering the poor quality of the 2003 spectrum around the Raman features.
Similar Monte Carlo simulations with a modification of the two emission components in the input spectrum are performed to fit the 2005 BOES data. Fig. 8 shows our Monte Carlo result for the best fit, from which we find that both the He II and Ne VII regions recede from the H I region with a velocity v = 20 km s −1 . The equivalent width of He IIλ972 for this case is 0.5Å. Correspondingly for Ne VII it is 1.4Å, which means that Ne VIIλ973 is almost 3 times stronger than He IIλ972. However, the poor quality of the 2003 spectrum prevents us from drawing any conclusion about the temporal change in the total line fluxes of He IIλ972 and Ne VIIλ973 in the two year period. We summarize the best fitting parameters in Table 3 .
No significant change in the line widths of the Raman features are found in the two spectra. We simply assume that the random velocity scale vran is contributed by a thermal component v th and a turbulent component v turb so that we may write
We further assume that the temperature and v turb are the same for both He II and Ne VII regions, then the thermal velocity scale v He th = 27 km s −1 , from which we find the temperature of the emission region T = 3.0 × 10 4 K. 
SUMMARY
The operation of Raman scattering by atomic hydrogen is a very unique astrophysical process that distinguishes symbiotic stars from other celestial bodies. Thus far the Raman scattered line features found in symbiotic stars are limited to only He II and O VI. In this work we propose that the broad feature around 4881Å in the spectrum of V1016 Cyg is formed through Raman scattering of Ne VIIλ973. We have provided the atomic physical quantities regarding Raman scattering of Ne VIIλ973. By performing Monte Carlo simulations, we obtain the random velocity scale of Ne VII and infer the equivalent width of the emission line Ne VIIλ973.
Assuming that both Ne VIIλ973 and He IIλ972 emission regions coincide, we find that both He II and Ne VII emission components are receding from the neutral region with the same speed v ∼ 20 km s −1 in the 2005 BOES data. However, the 2003 BOES data indicate that both Ne VII and He II emission regions are consistent with their being at rest with respect to the H I region at that time.
